Recently, direct solar collection through the use of broadly absorbing nanoparticle suspensions (known as nanofluids) has been shown as a promising method to improve efficiencies in solar thermal devices. By utilizing a volatile base fluid, this concept could also be applied to the development of a direct absorption heat pipe for an evacuated tube solar collector. However, for this to happen or for any other light-induced vapor production applications, the nanofluid must remain stable over extended periods of time at high temperatures and throughout repetitive evaporation/condensation cycles. In this work, we report for the first time a nanofluid consisting of plasma-functionalized multiwalled carbon nanotubes (MWCNTs) suspended in denatured alcohol, which achieves this required stability. In addition, optical characterization of the nanofluid demonstrates that close to 100% of solar irradiation can be absorbed over a relatively small nanofluid thickness.
Introduction
As of 2012, solar water heating was second to wind energy in global capacity for new renewable energy sources [1] . Used primarily for domestic hot water generation, solar heating is expected to form a significant fraction of our global energy demand particularly in developing countries, where the use of natural gas and electricity to heat water is often not an option. With more than half of the cumulative capacity and 78% of newly installed capacity (2010), evacuated tube collectors (ETCs) represent the majority of the global market [1, 2] . This capacity includes ETCs in which water is heated directly or indirectly through the use of a heat pipe. The latter, which is the focus of this work, consists essentially of a heat pipe surrounded by an evacuated glass tube [3] . As the solar irradiation heats the device, the volatile fluid contained within the heat pipe boils. The produced vapors rise and condense within a manifold at the top of the collector, transferring energy that directly or indirectly heats water. Direct solar vapor generation through the use of a highly absorbent nanofluid could improve the efficiency of the heat pipe as volumetric collection reduces surface energy losses [4] . As well, some researchers have reported that as nanoparticles are locally absorbing vapors may be produced much quicker than traditional boiling as the entire bulk fluid does not have to be heated [5] . To date, only a handful of studies have examined the possibility of large scale vapor production using optical absorption [5] [6] [7] [8] , although many studies have looked into possible heat transfer enhancements (heat conductivity, heat transfer coefficient, and critical heat flux) caused by the addition of nanoparticles [9] [10] [11] . Unfortunately, all of the studies either report significant agglomeration of nanoparticles after heating or provide no indication of stability. If nanofluids are to be used for light-induced heating applications, such as volumetric solar absorption or even in medical applications [12] , it is paramount that the nanoparticles remain stably suspended. When agglomeration occurs, the available surface area for radiation to be absorbed as well as the number of sites for localized heating to occur will significantly decrease. Traditionally, surfactants are used to stabilize the nanoparticles, but as the host fluid heats they tend to lose their effectiveness causing agglomeration and settling [13] .
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Journal of Nanomaterials Additionally, solar vapor generation using nanofluids has been proposed as a method of distillation [8] and electricity generation via a steam turbine [6] . In this work, we will for the first time demonstrate that multiwalled carbon nanotubes (MWCNTs) suspended in denatured alcohol are suitable for use in a volumetric absorption solar heat pipe. MWCNTs are seen as an ideal candidate for direct solar absorption given their high spectral absorptivity over the entire solar range, ease of surface functionalization, and low cost.
Materials and Methods
MWCNTs, with an average diameter and length of approximately 31 nm and 4 m, were grown directly from stainless steel (SS) 316 mesh using a thermal chemical vapor deposition (T-CVD) process [14] . Following the synthesis, the MWCNTs are surface-functionalized using a capacitively coupled radio-frequency glow discharge plasma sustained in an argon/oxygen/ethane gas mixture [15] . This plasma treatment has been shown to covalently graft oxygenated functionalities, such as carboxylic groups, onto the surface of the MWCNTs, thus rendering them highly dispersible in polar solvents. The detailed procedure of nanofluid production and method of UV-visible-near infrared (UV-Vis-NIR) characterization is provided elsewhere [16] . During the nanofluid production process, the MWCNTs are fractured as they are removed from the growth substrate by means of ultrasonication. In suspension, the average length of the MWCNTs decreases to 1.2 m, while the average MWCNT diameter remains unchanged at 31 nm ( Figure 1 ). Both the length and diameter distributions appear to be lognormal, which is expected given the nanofluid synthesis method [14] . Denatured alcohol (DA, Fisher Scientific: 85% ethanol, 14% methanol) was used as the base fluid as it is inexpensive and volatile (boiling points for ethanol and methanol are 78.4 and 64.7 ∘ C, resp.). UV-Vis measurements were taken over the 200-1500 nm range with transmittance spectra of the pure DA taken for reference. This spectral range accounts for 85% of the total incident solar energy at air mass 1.5 and represents the limits of integration used in (2). Spectra were not taken above 1500 nm as strong absorption bands in the IR mask any change due to the addition of MWCNTs. However, for direct solar energy collection purposes, one can assume that the base fluid absorbs the majority of the solar irradiation above 1500 nm. The MWCNT concentration used in the present study ranged from approximately 5 to 53 mg L −1 .
Results
MWCNT/DA nanofluids of various concentrations, [mg L −1 ], were prepared and characterized. As an initial test of the long term and high temperature stability of the nanofluids, transmittance spectra of the different nanofluids were acquired over a 20-month period (Figure 2(a) ) and upon cool-down after heating to 65 ∘ C for 1 hour (Figure 2 (b)). In both cases, no agitation or sonication was applied to the nanofluids after synthesis or before the transmittance measurements. As Figures 2(a)-2(b) illustrate, the curves for essentially any given concentration overlap (less than 1.5% change in concentration), indicating that the nanofluids are extremely stable over time and at elevated temperatures. One should note that in some cases the data directly overlap making it difficult to distinguish between the dashed (after synthesis) and solid (after 20 months/heating) lines. To characterize the optical properties of the various concentrations of nanofluid, the extinction coefficient, ( , ) [cm −1 ] as a function of wavelength ( ) [nm], was calculated using (1) [17] :
As there is essentially no change in transmittance, ( ), over a 20 months period or after heating, the extinction coefficients shown in Figure 2 (c) are representative of all of these cases. A path length ( ) of 1 cm was used for all measurements. Using the extinction coefficient, a solar spectrum-weighted stored energy fraction ( ) can be calculated [18] . Consider
This quantity represents the fraction of solar energy that is absorbed by the nanofluid over a particular penetration distance ( ) [cm] . The spectral distribution of the solar irradiation, ( ) [W m −2 ], was taken at an air mass of 1.5 and the bounds of integration were set to 200 and 1500 nm [19] . The stored energy fractions for the various concentrations of nanofluids are presented in Figure 2 (d) over a range of fluid thicknesses. It can be clearly seen that the addition of MWCNTs has a significant effect on the energy capture ability of the nanofluid and, using these results, one can easily tailor the nanofluid concentration to obtain close to 100% absorption for any particular fluid thickness.
Given that light scattering from MWCNTs has been shown to be very low [20] , an optical absorption coefficient,
, which is independent of the MWCNT concentration, can be calculated using the equation commonly referred to as the Beer-Lambert law (3). Consider
Equation (3) predicts that if absorption is solely attributable to the MWCNTs, which is the case over the visible range (380-780 nm) as DA is essentially transparent, the absorption coefficient, , should not vary as the MWCNT concentration increases. Given that the absorption coefficients were indeed found independent of the MWCNT concentration (standard deviation was less than 1%), one can use the transmittance spectrum of a nanofluid to determine its concentration. It should be noted that deviations in the Beer-Lambert law can occur at high concentrations; however, given that the measured absorption did remain directly proportional to concentration (i.e., remains constant), (3) is assumed to remain valid for this work.
To test if the nanofluid destabilizes when the base fluid evaporates, nanofluids of various MWCNT concentrations were left to evaporate in a fume hood at 20 ∘ C for 2 cycles of 24 hours each, resulting in more than 50% evaporation of the base fluid. Images of the nanofluids prior to evaporation Journal of Nanomaterials and after the second evaporation cycle are shown in Figure 3 . The transmittance and mass of each sample were taken before and after each evaporation cycle in order to compare the MWCNT concentration of the nanofluid, determined by the mass loss of the DA, to the concentration determined through optical measurement (3). If agglomeration occurs as a result of the evaporation process, then the MWCNT concentration predicted by the transmittance measurement would be much lower than the concentration calculated from the decrease in mass. As Figure 4 shows, after two evaporation cycles, all of the concentrations determined through optical measurements (UV-Vis) are within 10% of those determined from the mass loss. The slight decrease in concentration given by the optical measurement can be attributed to the MWCNT resin that was deposited on the walls of the glass vial during the slow evaporation process (Figure 3 ). It should be noted that the MWCNT adhesion to the wall of the vial was not observed in any of the other tests and thus it can be attributed to the very slow (∼2 g/day) evaporation process that took place. The fact that the evaporation of the base fluid does not lead to agglomeration of the MWCNTs and only makes the nanofluid more concentrated, thus more absorbent, suggests that this nanofluid could be used for solar-based vapor generation applications. No optical measurement was reported for the second evaporation cycle of the most concentrated nanofluid (53 mg L −1 ) as the transmittance was below the detection limit for the spectrophotometer.
Given that the nanofluid has been shown to be an excellent broadband absorber, which is stable over extended periods of time and after partial evaporation of the base fluid, the final step was to determine if the nanofluid could remain stable under continuous evaporation/condensation cycling. To test this, 100 mL of MWCNT/DA nanofluid kept in a sealed volumetric flask was placed in a water bath at 80 ∘ C. This temperature is above the boiling temperature of both methanol and ethanol, ensuring a significant degree of evaporation/condensation, which was clearly visible throughout the testing. A MWCNT concentration of 17 mg L −1 was chosen as 100% absorption can be achieved over a fluid thickness of 5 cm, which is a typical ETC diameter [3] . A cooling coil filled with circulating cold water surrounded the top portion of the flask to aid in the condensation process. Five evaporation/condensation cycles of 1 hour each were conducted over a five-day period with the transmission spectra of the nanofluid tested after each cycle. As Figure 5 illustrates, the curves for the MWCNT/DA nanofluid again entirely overlap and no difference in transmittance can be seen after the 5th cycle (less than 0.2% change in concentration), indicating that no agglomeration occurs as a result of the evaporation/condensation cycling process.
Discussion
This is the first study to quantitatively demonstrate nanofluid stability upon repeated evaporation/condensation cycling. The excellent stability of the produced nanofluids can be attributed to the unique MWCNT growth and plasma functionalization processes. A relatively short exposure time (<5 min) to the low-temperature plasma covalently bonds polar functionalities (C-O, C=O, -COO) onto the MWCNT surface [15] , allowing the MWCNTs to be easily suspended in denatured alcohol (as well as other polar fluids [16] ). As the purpose of this work is to show the feasibility of using a nanofluid in solar-driven latent heat applications, no further characterization of functional groups is provided here; however, a detailed study of the plasma treatment can be found elsewhere [21] . Upon suspension, deprotonation of the carboxylic groups leaves a negative surface charge on the MWCNTs, thus limiting agglomeration over time. This electrostatic repulsion is sufficient to overcome the increased number of high velocity collisions between MWCNTs that occur as the nanofluid evaporates and condenses [22] . During this process, the MWCNTs stay within the suspension and thus the vapors that are produced contain only the base fluid, Penetration distance (cm) which is typical of nanofluid boiling [8] . Without functionalization, the MWCNTs agglomerate immediately upon suspension and settle out (not shown). This has also been found to be the case when nonpolar base fluids are used [16] . These results, although preliminary, indicate that it is possible to use a nanofluid for a direct absorption heat pipe for latent heat-driven solar heating applications. A prototype is currently under development to characterize the optical heating/boiling efficiency using more rigorous, real-world conditions.
Conclusions
This work demonstrates the feasibility of using a nanofluid for volumetric solar energy absorption and, in particular, for conditions prevailing in a latent heat-driven heat pipe type collector. It was demonstrated quantitatively that plasmafunctionalized MWCNTs suspended in denatured alcohol do not agglomerate over extended periods of time (current testing up to 20 months) upon evaporation of the base fluid and upon repeated boiling/condensation cycles. This stability, coupled with the fact the MWCNT/DA nanofluids can absorb close to 100% of solar irradiation over a small fluid volume, suggests that these nanofluids can be used in a range of solar vapor generation applications. Council of Canada, the Fonds de recherche du Québec-Nature et technologies, and McGill University.
